External male reproductive structures have received considerable attention as an early-acting 1 3 cause of reproductive isolation (RI), because the morphology of these structures often evolves 1 4 rapidly between populations. This presents the potential for mechanical incompatibilities with 1 5 heterospecific female structures during mating and could thus prevent interbreeding between 1 6 nascent species. Although such mechanical incompatibilities have received little empirical 1 7
Introduction
Understanding speciation requires identifying how reproductive isolation (RI) is initiated 3 0 and maintained in the early stages of population divergence (Coyne and Orr 2004; Butlin et al. cause of RI in Ischnura (Krieger and Krieger-Loibl 1958; Sánchez-Guillén et al. 2014) . For  Table 1 . Formulas for the absolute strength of each reproductive isolating barrier measured, 2 5 3 listed in the order in which they act during the mating sequence and subsequent life history of an 2 5 4 individual. In the postzygotic barrier formulas, "heterospecific" includes male-female pairs 2 5 5 composed of both pure species and any male-female pair involving at least one hybrid partner. Hybrid copulation duration 1 -(mean hybrid copulation duration / mean conspecific copulation duration)
Hybrid copulation interruption duration 1 -(mean conspecific copulation interruption duration / mean hybrid copulation interruption duration)
Hybrid oviposition 1 -(proportion females oviposited, hybrid matings / proportion females oviposited, conspecific matings) Fecundity 1 -(mean number eggs, hybrid clutch / mean number eggs, conspecific clutch) Fertility 1 -(mean fertilized eggs, hybrid clutch / mean fertilized eggs, conspecific clutch)
Egg hatching 1 -(proportion hatched eggs, heterospecific clutch / proportion hatched eggs, conspecific clutch)
Embryo development 1 -(mean days from oviposition to hybrid egg hatching, hybrids/ mean days from oviposition to pure species egg hatching)
Larval maturation time 1 -(mean days from pure species hatch to adult emergence / mean days from hybrid hatch to adult emergence)
Larval survivorship 1 -(proportion hybrid larvae that reach adulthood / (proportion pure species larvae that reach adulthood)
Adult sex ratio 1 -(hybrid sex ratio / pure species sex ratio)
Adult lifespan 1 -(hybrid lifespan / pure species lifespan) 2 5 7 2 5 8
Mate discrimination 2 5 9
We measured males' visual discrimination of potential mates by restraining individual E. within 5 m of the water's edge at the field site. Over 20-minute intervals, we captured each male 2 6 5 that either attempted or achieved tandem with a restrained female and assigned them to species 2 6 6 by examining the cerci with a hand lens. Males were held in paper envelopes until the end of the 2 6 7 observation period to prevent the possibility of a second encounter with the restrained female and were then released. We measured several premating RI barriers using no-choice mating experiments in which 2 7 2 females were placed in mesh cages with either heterospecific, hybrid, or conspecific males. We 2 7 3 used both field-caught and lab-reared damselflies, and used only virgin females in each mating 2 7 4 assay. To obtain virgins in the field, we captured newly emerged females, identified by their 2 7 5 pale teneral coloration. We assigned species identity as described above, then housed virgin 2 7 6 females in cages until they reached sexual maturity (~10 days post-emergence). We placed 2-5 2 7 7 individuals of each sex in a cage under partial shade in the grass and observed behaviors between 2 7 8 1000-1600 hr.
7 9
We quantified precopulatory mechanical RI by measuring the frequency of tandem 2 8 0 attempts in which the male was unable to securely grasp a female for longer than five seconds. We quantified two types of precopulatory tactile incompatibilities using pairs that formed 2 8 9
tandems. First, we recorded whether each female showed resistance behaviors during tandem 2 9 0 (e.g., head shaking, wing flapping, dorsal abdominal extension, or body repositioning) 2 9 1 (Tennessen 1975; Xu and Fincke 2011) . Second, we recorded whether females in tandem 2 9 2 cooperated in copulation or refused to mate. We quantified several postmating RI barriers using the progeny from interspecific 2 9 6 crosses, beginning at copulation (Table 1 ). We measured oviposition success as the proportion 2 9 7 of females from each cross type that oviposited. When females failed to oviposit within three 2 9 8 days post-mating, we checked their male partners for motile sperm by anesthetizing them with 2 9 9 CO 2 , immediately dissecting out the seminal vesicle, gently squashing it under a coverslip, and 3 0 0
examining the contents under a Zeiss Axio Imager 2 stereomicroscope (100× total 3 0 1 magnification). We dissected females that failed to oviposit to check the oviduct for mature eggs 3 0 2 and the bursa copulatrix for sperm.
0 3
We calculated fecundity by counting all eggs laid by each mated female within three days 3 0 4
of mating. The date of egg hatch was recorded as the first day that larvae were observed. We unhatched eggs that remained in the filter paper seven days after first hatch. We calculated to adults, plus adult sex ratio and total adult lifespan. We estimated the absolute strength of each individual barrier using the following general 
This equation yields a value between -1 and 1 in which 0 indicates no barrier to gene flow, 1
indicates full RI, and negative values indicate a hybrid fitness advantage. We estimated each RI 3 2 1 barrier's sequential strength (SS) based on its absolute strength (AS) and the absolute strengths of 3 2 2 all preceding barriers, as described in (Dopman et al. 2010):
We calculated total RI (T) between E. anna and E. carunculatum as the sum of the sequential 3 2 6 strengths of all barriers, then calculated each barrier's relative contribution to total RI (SS n / T) 3 2 7
(Dopman et al. 2010; Table S1 ). We compared males' sexual approaches toward con-and heterospecific females, (r > 0.99) and both replicate analyses produced similar results ( Fig S3) . identified as hybrid possess morphologies that fall well outside of the distributions of either pure
species. This is particularly true for cercus shape, which has pronounced differences between E. 4 2 8
anna and E. carunculatum.
The distributions of the field-caught versus lab-reared hybrids also show that hybrid 4 3 0 genital morphology appears to be under selection in the wild. In particular, the distribution of tandem with E. carunculatum females ( Fig 4A) . Thus, male hybrids achieved tandem with both 4 6 0 pure species more frequently than males of either pure species achieved tandem with 4 6 1 heterospecific females. These results show that although hybrid males were less successful at 4 6 2
forming tandems with females than conspecific males, they were more successful than 4 6 3 heterospecific males. numbers of male-female pairs that were measured. "nd" refers to cross types for which no data Fig S4) . A comparison of the two reciprocal E. anna × hybrid crosses, however, showed that E. 5 0 1
anna females were significantly more likely to resist during tandem with hybrid males (81.8%) 5 0 2 than were hybrid females (14.3%; P = 0.01; Fig S4) . Female resistance during tandem with a (Table S1 ).
0 7
Field-caught and lab-reared females showed similar copulatory refusal rates: 94.7% exact test, P = 0.54), and 69.2% (9/13) field-caught and 51.9% (12/25) lab-reared E. anna 5 1 0 females refused conspecific males (P = 0.31). We therefore pooled field-caught and lab-reared females taken in tandem by hybrid males refused to copulate, which was significantly greater 5 1 3 than the 55.3% (21/38) of E. anna females that refused conspecific males (P = 0.003; Fig 4C) .
1 4
All six E. anna females observed in tandem with E. carunculatum males refused to copulate, 5 1 5
although this level of refusal was not statistically different from the conspecific refusal rate (P = 5 1 6 0.07; Fig 4C) . This is likely due to the low number of heterospecific pairs we could observe. E. (100%, 7 of 7) than a conspecific male (16.7%, 1 of 6; P = 0.005; Fig 4C) . E. anna females also 5 1 9 2 7 refused to mate with E. carunculatum males more frequently than did E. carunculatum females 5 2 0 (P = 0.015). We obtained a similar result for the reciprocal cross, where more female E. 5 2 1 carunculatum females refused E. anna males than did E. anna females (P = 0.03; Fig 4C) .
2 2
Females' behavioral responses to different types of males reveal strong assortative 5 2 3
mating between E. anna and E. carunculatum when premating mechanical isolation fails.
2 4
Tactile isolation also predicts that pure species females should refuse to mate with hybrid males Our behavioral data support this prediction for E. anna females, which mated with hybrid males 5 2 7 less frequently than with conspecific males. The finding that some E. anna females mated with 5 2 8
hybrid males, but none mated with E. carunculatum males suggests that females display some 5 2 9 latitude in their preferences and are more likely to refuse males whose cercus morphology This suggests that even with incomplete mechanical isolation, tactile isolation might prevent 5 3 4
interbreeding among most Enallagma species. A full understanding of tactile isolation will 5 3 5
require quantitative study of the mechanoreceptors on female plates to understand how patterns 5 3 6
of phenotypic variation might contribute to RI.
3 7
The relative sizes of male and female reproductive structures may influence both incompatibilities, although our current data do not allow us to examine that relationship robustly. Compared to the strong premating RI caused by mechanical and tactile incompatibilities least one hybrid partner (t 25 = -0.028, P = 0.98; Fig 5A) . Sixty percent (6/10) of conspecific 5 5 1 matings experienced interruptions, which was not significantly different from the hybrid matings 5 5 2 (61.5%, 8 of 13; Fisher exact test, P = 1.0). The total duration of these interruptions was also not 5 5 3 significantly different between conspecific or hybrid pairs (t 13.26 = -1.51, P = 0.15; Fig 5B) .
4
Although it has been suggested that Lepidoptera (Lorkovic 1958) and Ischnura (Córdoba-5 5 5
Aguilar and Cordero-Rivera 2008) use copulatory morphology or stimulation to identify 5 5 6
conspecifics, our results indicate that this type of tactile discrimination during copula does not 5 5 7 occur in Enallagma. hybrid males also oviposited. Dissections of females that failed to oviposit confirmed that they 5 7 5
had been inseminated and possessed mature eggs, and dissections of hybrid males in these 5 7 6
matings confirmed that hybrid males produce motile sperm. E. anna, E. carunculatum, and 5 7 7
hybrid parings also produced comparable numbers of eggs (F 2,80 = 0.79, P = 0.46; Fig 5C) .
7 8
Although there appears to be a trend towards smaller clutches or complete failure to oviposit in Fig 5C) . In generation 2, E. anna, and hybrid clutches had similar 5 8 7
proportions of hatched eggs (t 17.97 = 0.49404, P = 0.63, Fig S6) . Oviposition date had a 5 8 8 significant effect on hatch timing in generation 1 (F 1,41 = 49.1, P = 1.6 × 10 -8 ), but not in 5 8 9 generation 2 (F 1,41 = 2.96, P = 0.11). We therefore analyzed hatch timing separately for each 5 9 0 generation. In generation 1, E. carunculatum larvae hatched earlier (15.4 + 0.9 days, n =19 5 9 1 families) than E. anna (19.2 + 0.7 days, n =17 families) and hybrid larvae (20.0 + 1.3 days, n =7 5 9 2 1 families; ANCOVA with oviposition date as covariate, F 2, 39 = 10.8, P = 2 × 10 -4 ). In generation 5 9 3
2, E. anna and hybrid hatch rates did not differ significantly (t 11.92 = -1.22, P = 0.25; Fig 5D) . If 5 9 4 E. carunculatum larvae develop at a faster rate in the wild as they did in the lab, this could 5 9 5
contribute to RI via seasonal temporal isolation, in which early-emerging E. carunculatum adults 5 9 6
are less likely to encounter, and thus potentially interbreed with, E. anna adults. Detecting and 5 9 7 measuring this potential temporal barrier will require regular sampling throughout the breeding 5 9 8 season.
9 9
An anomalous water quality problem at the Aquatic Research Facility where larvae were 6 0 0
housed caused substantial larval mortality of generation 2, so we analyzed larval development 6 0 1 timing for generation 1 only ( Fig 5F) . An ANCOVA with oviposition date as a covariate and Hybrid larvae also developed significantly faster than E. anna (P = 3 × 10 -5 ). Although E. abdomen length was similar among all three groups for both males (F 2, 19 = 0.334; P = 0.72) and 6 0 9
females (F 2, 21 = 3.30; P = 0.57; Fig S5) . These results suggest that hybrid development was not Fig 5G) . Of those individuals that reached adulthood, adult lifespans under laboratory conditions did not differ significantly (ANCOVA with emergence 6 1 4 date as covariate, F 2, 48 = 1.35, P = 0.29; Fig 5H) . Of those individuals that reached adulthood, Naturwissenschaft 67:364-386. 
